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Abstract
Here, we present a wearable, anthropomorphically-driven prosthesis with a
built-in haptic feedback system. The device was designed and built to accommo-
date specific design parameters. Two control schemes were proposed and com-
pared in a user study with N=6 able-bodied participants performing the Box and
Blocks test. The first control scheme was designed to provide an intuitive, human-
like actuation and relaxation of the hand, while the other controller was designed to
reduce fatigue from sustaining EMG signals. Participants performed significantly
better with lower fatigue levels while using the intuitive controller as opposed to the
second controller. In addition, task performance with both controllers was better
than reported performance with standard myoelectric prostheses. In addition, a
second experiment compared the unilateral manual dexterity of N=3 able-bodied
participants under three distinct conditions: vibration haptic feedback, skin stretch
haptic feedback, and no haptic feedback. These findings suggest that there is utility
in wearable anthropomorphically-driven prostheses, and provide support for future
studies aimed at exploring anthropomorphically-driven prostheses.
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There are nearly two million people in the United States living with an ampu-
tation. Of these, roughly 30% involve amputation of the upper extremity [1, 2].
Currently, the standard of care is to fit these amputees with a prosthesis that uti-
lizes body-power or electromyography to control movement of the prosthetic ter-
minal device (hand). While body-powered terminal devices are typically limited to
single-DoF actuation of two digits, advanced myoelectric terminal devices, such
as the i-Limb Ultra Revolution or the Michelangelo Hand, allow for multiple grip
paradigms involving all five digits in a manner that mimics the natural hand [1]. A




Figure 1.1: A figure of the most advanced commercially available prostheses from
[3]
1.0.1 Devices
Although these commercially available myoelectric terminal devices are de-
signed to provide amputees with prostheses that emulate the form, function, and
dexterity of an intact human hand [3,4], they often feature actuation schemes with
high gear-ratios that limit an amputee’s ability to modulate the hand’s impedance.
Yet, it is widely accepted that humans modulate the impedance of their limbs for
various tasks [5,6]. There is even evidence to suggest that prosthesis users would
modulate their device impedance for different tasks if allowed [7]. As a preliminary
example, Brown et al. found that low-impedance prosthetic terminal devices allow
grip/load force coordination in a manner consonant with the natural hand [8].
In an effort to allow control over the terminal device’s impedance and to support
more dexterous grasping movements, some experimental upper-limb prostheses
use anthropomorphic actuation schemes [9–11]. Note that anthropomorphically-
driven prostheses differ from other tendon driven prostheses, such as that used
by Battaglia et al. [12], by allowing independent control over antagonistic tendons.
2
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Modeled after grasping functions of the human hand [10], these anthropomorphically-
driven hands utilize complex structures and many individualized actuators to flex
and extend the hand. Typically in these devices, each finger has artificial ligaments
and tendons that mimic the anterior and posterior structure of the human hand. Xu
et al. , for example, demonstrated that their biomimetic anthropomorphically-driven
robotic hand was capable of reliable, human like, finger movements that endowed
their hand with the ability to grasp a variety of objects [11]. Unfortunately, in order
to achieve higher dexterity than commercially available prostheses, many of these
anthropomorphically-driven hands use large and bulky actuation systems, making
them unwearable [13]. This limits the range of tasks with which these devices can
be tested.
Despite their novel control schemes, these anthropomorphic devices are no dif-
ferent than commercial prostheses in terms of haptic sensory feedback. In the nat-
ural hand, haptic feedback is necessary for fine dexterous control [14–18]. When
antagonist muscles are actuated, the information about tension can be used to
interpret the state of the hand [19]. The need for haptic information about antago-
nistic tensions is therefore unique to anthropomorphically-driven hands [14]. While
there is evidence to suggest this information could provide utility in prosthesis con-
trol [14], there is a lack of research assessing the performance effects of tension
feedback in the control of anthropomorphically-driven prostheses. As prostheses
develop and use more complex control schemes, such as brain machine interfaces,
3
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it will be important to have a better understanding of the utility of various forms of
haptic feedback.
1.0.2 Control modalities
The most common control methods for modern prostheses are electromyogra-
phy (commonly referred to as myoelectric) and body-power. Body-powered pros-
theses allow for high fidelity control over a relatively simple terminal device. Ad-
ditionally, body-powered control maintains the direct mechanical linkage between
the user and the terminal device allowing for haptic feedback of tension, force, and
aperture to be transmitted directly to the user.
On the other hand, myoelectric control provides a less physically cumbersome
control approach over the prosthesis. More so, myoelectric prostheses typically
provide stronger grip forces than body powered prostheses [20]. Additionally, my-
oelectric control allows for control over various grip patterns and various actuators.
Despite these advantages, myoelectric control can be difficult and time consuming
to learn. Despite the intricacy of myoelectric it will likely never be able to fully con-
trol anthropomorphically-driven prostheses to their fullest extent [21]. This control
method also lacks the mechanical linkage that provides direct haptic feedback for
the user. There is great debate over which, if either, myoelectric or body powered
prostheses are better overall [20]. Each has clear advantages and disadvantages
that must be considered as new prostheses are developed.
4
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Beyond commercially available devices, there are other research devices that
offer a more integrated control scheme. More prominent research control devices
include targeted muscle reinnervation (TMR), peripheral nerve interfaces (PNI),
and brain machine interfaces (BMI). TMR is a control strategy where damaged
axons from an amputee’s residual limb are surgically reinnervated into new mus-
cles [22] to allow for heightened EMG control [23]. In addition, TMR has the added
benifit of reducing phantom limb pain, or nerve pain caused from limb loss [22].
PNI controllers are a more invasive form of control that use implanted electrodes
into the users peripheral nervous system in order to gain higher density and pre-
cision signals directly from the nervous system [24]. This direct connection has
also allowed for sensory information to be relayed back to the prosthesis user [25].
Despite the high level of control provided, the long term viability of PNI controllers
is currently unstable and requires more innovation to become a safe and effective
control method for prosthesis users [26]. BMI are used to control a neuroprosthe-
ses by connecting directly to the brain [27–30]. Devices such as the USEA shown
implanted peripherally in Fig.1.2 from Wendelken et al. ’s work can provide multi-
degree of freedom control over a virtual prosthesis [31–33]. These interfaces could
allow for higher fidelity control over more actuators. They even offer the ability to
provide various forms of haptic feedback directly to the user’s brain [31, 34, 35].
While these devices are not yet viable as a long term solution to the control of




Figure 1.2: A figure of the USEA controller and the experimental set up from [31]
It is therefore important to understand the utility of haptic feedback in anthropomorphically-
driven prostheses given the highlighted advancements in both prosthesis design
and prosthesis control. To conduct these investigations, a wearable anthropomorphically-
driven prosthesis was designed, built, and tested. Using this experimental appara-
tus, a number of studies were devised to investigate to what extent haptic feedback
of the actuator improves user effectiveness, efficiency, and human-device integra-
tion. Overall, we hypothesize that providing haptic feedback of the actuator tension
will improve user effectiveness, efficiency, and human-device integration. In the fol-
lowing chapters, I describe the design of the prosthesis and the methods used in
the two experiments. Results for each experiment are also given and a discussion




After exploring the current state of anthropomorphically-driven prostheses, it
was apparent that there was a lack of experimentation involving utility from a user
standpoint as well as a lack of haptic feedback research for these devices. From
that conclusion it became evident that a unique anthropomorphically-driven pros-
thesis would need to be designed and tested. In addition, this is an opportunity to
explore various forms of haptic feedback in anthropomorphically driven prostheses.
Our experimental device, an anthropomorphically-driven prosthesis, was designed
to incorporate two key features aimed at improving overall prosthesis functionality.
First, the prosthesis features an anthropomorphic actuation paradigm that utilizes
antagonistic tendons to separately control terminal device flexion and extension.
Second, the prosthesis incorporates a unique haptic feedback system that utilizes
skin-stretch to provide intuitive feedback regarding the amount of tension in either
7




This anthropomorphically-driven prosthesis (see Fig. 2.1) is comprised of a
custom co-polymer prosthesis socket mated to an anthropomorphic terminal de-
vice via a Hosmer Quick Disconnect Wrist (USMC model). The custom socket is
designed to be worn by able-bodied individuals on their right arm. The goal in de-
signing an anthropomorphically driven hand was to model the design after other
anthropomorphic prostheses such as that designed by Atasoy et al. [36] or Xu et
al. [10]. The anthropomorphic terminal device build here is based on the open
source bionic hand originally designed by Hendo [37]. Modifications have been
made to improve cable routing through the fingers and allow mating’ compatibil-
ity with the Hosmer Quick Disconnect Wrist. The rubber bands on the anterior
side of the original design were replaced with more tendon cabling to allow control
over both flexion and extension. Each tendon cable originates at the finger tip,
runs through the cable guides along the anterior and posterior sides of each finger,
passes through the wrist cable guide, and terminates at a compression spring,
which helps return the tendon cable to its resting position. Silicon (Smooth-On
Inc, Dragon Skin 20) fingertips were designed for each finger to approximate the
8
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size of a human finger. All tendon cables connect to the far end of either the an-
terior or posterior compression spring, simplifying the actuation of the device to
flexion and/or extension of all fingers simultaneously. In addition, actuation of both
anterior and posterior tendons creates a bidirectional impedance of variable mag-
nitude. An actuator tendon cable connects a compression spring to a rotary DC
motor (Maxon RE30). The motors are mounted on the proximal end of the socket
through two custom 3D printed motor mounts. Each motor features a rotary optical








Figure 2.1: The anthropomorphically-driven prosthesis with the cover removed to
show the haptic feedback bands around the user’s forearm c⃝ 2020 IEEE.
2.0.1.2 Built in Hapics design
The built-in haptic feedback system is based on the design originally proposed
by Kayhan et al. [38] and has been integrated into the co-polymer socket. The
9
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haptic feedback system uses two servo motors (Tower Pro Micro servos MG90S)
to create a pulling actuation on a proximal and distal band worn around the user’s
forearm as shown in Fig. 2.1. One servo motor is mounted onto the anterior side of
the socket and is connected through cables to the anterior sides of the bands. The
other servo motor is mounted on the posterior side of the socket and is connected
through cables to the posterior sides of the bands. Feedback is generated by ac-
tivating the motors to pull on the anterior or posterior sides of the proximal and
distal bands in proportion to the command signal sent to the DC motors controlling
the anterior and posterior tendon cables. In this way, the user is provided hap-
tic information regarding the amount of tension in the respective actuator tendon
cables.
EMG signals were recorded from the wrist flexor and extensor muscle groups of
the right forearm using a Delsys Bagnoli 16-channel EMG system with two surface
electrodes and a ground electrode on the elbow. EMG calibration, normalization,
and offset methods are consistent with those in [39] and are briefly described in
Section 4.0.2.1 below.
The two DC actuator motors were driven by a 3.5A linear current amplifier
(Quanser AMPAQ-L4) with an amplification of 1V/A. Data acquisition and control
were implemented through a Quanser Q8-USB data acquisition board(DAQ) oper-
ating at a 1 kHz sample rate. The whole system is controlled by a Dell Precision
T5810 desktop running MATLAB R2017a. The Simulink Desktop Realtime Envi-
10
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ronment works in conjunction with Quanser’s QUARC realtime block set. The final
device weighs 1.75Kg in total.
11
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Controller Design and Selection
3.0.1 Control Strategies
Terminal device flexion and extension were controlled by flexion and extension
EMG signals under one of two control strategies, ALPHA or BETA. For both control
strategies, EMG signals from the flexor muscles control activation of the actuator
motor on the anterior sides of the prosthetic socket. Similarly, EMG signals from
the extensor muscles control activation of the actuator motor on the posterior side
of the prosthetic socket.
Controller ALPHA was designed to lower the effort of sustaining EMG signals
while manipulating objects. In this trigger-based scheme, only a quick EMG spike
of the desired magnitude is needed to proportionally activate the actuator motor.
Likewise, a second EMG spike from the same muscle deactivates the actuator
12
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motor. Thus, the user can easily control flexion and extension separately while
also maintaining the ability to activate both actuators and modulate the terminal




max(Sflex off ·KflexA), γflex = 1




max(Sext off ·KextA), γext = 1
0, γext = 0
(3.2)
Where Sflex off and Sext off are the normalized offset EMG signals, KextA and
KflexA are the proportional gains of the controller, and γext and γflex are binary
variables whose value changes only if Sext off or Sflex off respectively go from a
negative to positive value.
Fig. 3.3a shows a signal flow diagram describing the behavior of controller
ALPHA. Here, Up and U2p describe the max function in (3.1) and (3.2) and γ is
depicted as a switch. In addition, the motor command signals are saturated to
control the minimum and maximum current sent to the motors, ensuring the device
will not draw too much current from the amplifier. Fig. 3.1 provides an illustration
of the controller behavior.
Controller BETA was designed to provide more intuitive control of the prosthe-
13
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Figure 3.1: An example plot of the flexor EMG signal Sflex off and the correspond-
ing motor command signal Mflex for controller ALPHA c⃝ 2020 IEEE.
sis. In this scheme, each motor output is proportional to the maximum respective
EMG signal recorded while that EMG signal is above zero. When both EMG sig-
nals drop below their respective relaxation thresholds, both motors relax. Thus,
the user can antagonistically activate both actuators by simultaneously flexing, ex-
tending, and maintaining at least one EMG signal above the relaxation threshold.
The control law governing flexion and extension in the BETA control scheme is
Mflex =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
max(Sflex off ·KflexB), Sflex off > 0
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Mext =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
max(Sext off ·KextB), Sext off > 0
0, Sext off < Text& Sflex off < Tflex
Mext,prev, otherwise
(3.4)
where Sflex off and Sext off are the normalized offset EMG signals, KflexB and
KextB are the proportional gains of the controller, and Tflex and Text are the relax-
ation thresholds.
Fig. 3.3b shows the signal flow diagram describing the behavior of controller
BETA. Here Up and U2p describe the max function in (3.3) and (3.4). In addition, the
motor command signals are saturated as with controller ALPHA. Fig. 3.2 provides
an illustration of the controller behavior.



















Figure 3.2: An example plot of the flexor EMG signal Sflex off and the mo-
tor command signal Mflex for controller BETA. Note, the extensor EMG signal
Sext off < Text. c⃝ 2020 IEEE
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(a) Signal Flow Diagram for Controller ALPHA:
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(b) Signal Flow Diagram for Controller BETA:
Anterior 
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Figure 3.3: The signal flow diagrams for the two control strategies, ALPHA (a) and
BETA (b) c⃝ 2020 IEEE.
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3.0.2 Experimental Procedure
To evaluate the utility of each control strategy, we investigated the ability of
N=6 able-bodied participants (five male, one female) ages 27.5 ± 11 (all partici-
pants above 18) to perform the Box and Blocks test [40]. This test is often used
to assess manual dexterity in individuals with neurological disorders [40] and has
been used to assess prosthesis function as well [41–44]. The duration of the ex-
periment was approximately 60 minutes and participants were compensated at
a rate of $10 per hour. All participants were consented according to a protocol
approved by the Johns Hopkins School of Medicine Institutional Review Board
(Study# IRB00147458). Participants were randomized into two groups (A and
B). Participants in group A performed the task with controller ALPHA followed by
controller BETA. Participants in group B performed the task with controller BETA
followed by controller ALPHA. For this experiment, no haptic feedback was pro-
vided [45].
3.0.2.1 Setup and Training
After providing informed consent, participants sat on a stool facing a table
where the experiment would take place. One electrode was placed over the partic-
ipant’s right wrist flexor muscle group and another electrode was placed over the
right wrist extensor muscle group. The optimal location in these muscle groups
17
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was located by palpating the participant’s forearm while they flexed and extended
their wrist. A ground electrode was then placed over the participant’s right elbow.
A compression sleeve covered the participant’s right arm to keep the electrodes
from shifting. Medical tape was gently wrapped around participant’s bicep and the
wires to prevent tugging.
Participants were then asked to hold their arm in the air for calibration. After
a two second baseline reading, participants were asked to flex and relax their
wrist in one second intervals for eight seconds while the system calibrated the
minimum, maximum, and offset values for the flexor EMG signal Sflex off . This
was then repeated for wrist extension to calibrate the extensor EMG signal Sext off .
Participants were instructed on the best practices for producing clear EMG signals.
When controlling the prosthesis, the raw EMG signals were rectified and smoothed
by taking the RMS over a 200 ms window. Additionally, the signals were normalized
and offset to provide the desired input to the controller.
After calibration, participants were then informed of the control method they
would be using first (based on group randomization). Participants were then in-
structed to place their right arm in the prosthetic socket. Additional manual adjust-
ment was used to fine tune parameters until participants were able to repeatedly
flex and extend the prosthesis with low, medium, and high tension and participants
felt comfortable with the device’s response to their EMG commands. Once ap-
propriate control was achieved, participants were provided instructions on perfor-
18
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mance of the Box and Blocks test. Then, as practice, participants were instructed,
without time constraint, to move five blocks over the barrier and release them into
the second compartment as seen in Fig. 3.4. If needed, further adjustment of
parameters was performed.
Figure 3.4: Experimental setup of Box and Blocks test c⃝ 2020 IEEE.
3.0.2.2 Protocol
Following setup and training, participants performed eight trials of the Box and
Blocks test using their designated controller. In each trial, participants were given
60 seconds to move as many blocks as possible from the right compartment of
the task to the left. Participants were given a 45 second rest between each trial
19
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and were allowed more rest time upon request. Before the first trial and after each
consecutive trial, participants were asked to rank their arm fatigue on a scale from
one to ten, with ten corresponding to the inability to move their arm. After com-
pleting eight trials with the first controller, participants were given time to rest while
they completed a short survey regarding their perception of the controller and their
ability to move blocks. Then the control method was switched to the opposite con-
troller. Some additional manual adjustment of parameters was performed to ensure
adequate control. Participants then practiced once again by moving 5 blocks over
the barrier. After practice, participants were asked to rank their fatigue and allowed
to rest until it returned to within one point of their previous baseline from the first
controller. Participants performed eight trials of the task with the new controller
using the same rest intervals. Fatigue scores were recorded after each trial. Af-
ter completing the second set, participants were asked to fill out the remainder of
the survey regarding their perception of the second controller, their ability to move
blocks with the controller, a demographic survey, and a final survey question asking
them to compare how intuitive the two controllers were. Finally, participants were
given time to add any additional comments about their experience.
3.0.3 Metrics and Statistical Analysis
The two quantitative metrics used in this study to evaluate the two controllers
include the block transfer rate and the block transfer efficiency. The block transfer
20
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rate is calculated as the number of blocks moved in the 60-second trial. The block
transfer efficiency is calculated as the number of blocks moved per total sum of
terminal device flexions and extensions in the 60-second trial as described in
η = Brate/(Nflex +Next) (3.5)
Where η is the block transfer efficiency, Brate is the block transfer rate, and Nflex and
Next are terminal device flexions and extensions in the 60-second trial, respectively.
In addition, survey responses for fatigue and participant’s controller preference
were used for qualitative assessment.
Statistical analysis was carried out in MATLAB 20184a. First, data sets were
tested for normality, homogeneity of variance, and sphericity using the Lilliefors
test, the Bartlett test, and the Mauchly’s test, respectively. A Wilcoxon Signed-
Rank test was used on the block transfer efficiency, the block transfer rate, and the
survey data along with fatigue scores to determine the differences between ALPHA
and BETA. Both p values and effect sizes (r) are reported when possible.
3.1 Results
All data was analyzed using non-parametric statistical analyses given the non-
normal distribution (p<.05 for Lilliefors test). During experimentation, the experi-
mental apparatus malfunctioned on four trials. When this occurred, the device and
21
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task were reset and the trial was rerun. These malfunctions only affected partic-
ipants two and three. In addition, participant five noted in their survey that they
significantly changed their block grasping and moving strategy to improve perfor-
mance in the last trial while using controller ALPHA which significantly increased
their performance compared to prior trials.
3.1.1 Block Transfer Rate
Overall, the Wilcoxon Signed-Rank test showed participants moved significantly
more blocks per minute with controller BETA than with controller ALPHA (p = 3.20e-
08, r = -0.80) (see Fig. 3.5). Participants moved an average of 6± 3.49 blocks per
minute when using controller ALPHA and an average of 11 ± 2.37 per minute with
controller BETA.
3.1.2 Block Transfer Efficiency
Overall, the Wilcoxon Signed-Rank test showed participants were significantly
more efficient with controller BETA than with controller ALPHA ( p = 2.27e-08, r
= -0.81) as seen in Fig. 3.6. The average block transfer efficiency for controller
ALPHA was 0.22 ±0.15, and the average block transfer efficiency for controller
BETA was 0.41 ±0.13.
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Figure 3.5: Box plot of Box and Blocks test results for controllers ALPHA and
BETA. * indicates p < 0.05 c⃝ 2020 IEEE.
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Figure 3.6: Box plot of efficiency results for controllers ALPHA and BETA.* indi-
cates p < 0.05 c⃝ 2020 IEEE.
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3.1.3 Survey
The Wilcoxon Signed-Rank test showed participants expressed significantly
lower fatigue levels while using controller BETA than they did with controller ALPHA
(p value = 0.022, r = 0.33). Additionally, the Wilcoxon Signed-Rank test showed
participants overall preferred controller BETA and felt more confident in their ability
to move blocks when using controller BETA (p= 0.0015). All participants but one




In addition to the anthropomorphic control strategy, the anthropomorphically-
driven prosthesis was designed to incorporate skin stretch haptic feedback of the
tension in the actuators. In this second experiment, the effects of providing haptic
feedback of the tensions in the antagonistic tendons are evaluated using the same
the Box and Blocks manual dexterity test described in Chapter 3 (3.0.2.1). In this
way, we can evaluate the utility of haptic feedback using the same approach used
to investigate the utility of the two differing control approaches.
4.0.1 Haptic Feedback Conditions
The three feedback conditions used in the second experiment were vibration
feedback, skin stretch feedback, and no feedback (control). Under the no feedback
condition, participants performed the Box and Blocks test using only visual cues.
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For vibration feedback, two engineering acoustics C2 vibration tactors were
controlled using proportional signals from the control model in Simulink to vary the
magnitude of vibration. Simulink communicated with the Quanser Q8-USB data ac-
quisition board(DAQ) which sent analog signals to a class D amplifier (Adafruit 20W
Stereo Audio Amplifier - MAX9744), which converted signals into vibration com-
mands for the tactors. The vibration frequency was held constant at 250Hz [46].
Feedback was provided such that when the anterior or posterior motor tendons
were actuated, a vibration with proportional magnitude was activated on the ante-
rior or posterior side of the participant’s right bicep respectively as shown in
Vflex = Mflex ∗ sin(250 ∗ t) (4.1)
Vext = Mext ∗ sin(250 ∗ t) (4.2)
Where Vflex and Vext are the signals sent to the Vibration motors over time t, and
Mflex and Mext are the motor commands to the anterior and posterior motors re-
spectively as described in Chapter 3, Section 3.0.1. The skin stretch feedback was
provided via the built-in haptic feedback system previously described in Section
2.0.1.2 of Chapter 2. The anterior and posterior servo motors are programmed to
rotate proportionally with the motor commands sent to the corresponding anterior
and posterior tendon motors. In this way participants receive a proportional skin
stretch sensation over their forearm inside of the socket as they actuate the device.
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4.0.2 Experimental Procedure
To evaluate the effects of providing haptic feedback to participants, we investi-
gated the ability of N=3 able-bodied participants (two female, one male) ages 24±2
to perform the Box and Blocks test [40]. This Study was a preliminary study that
will inform the future direction of this research. The experiment was approximately
60 minutes in length and participants were compensated at a rate of $10 per hour.
All participants were consented according to a protocol approved by the Johns
Hopkins School of Medicine Institutional Review Board (Study# IRB00147458).
Participants were randomized into one of six groups which differed with respect
to the condition order. Subject one was presented with the skin stretch feedback
first, no feedback second, and vibration feedback last. Subject two was presented
with skin stretch feedback first, vibration feedback second, and no feedback last.
Subject three was presented with no feedback first, skin stretch feedback second,
and vibration feedback last. Under all conditions, participants wore noise can-
celling headphones to reduce auditory feedback effects from the vibration motors
and from the servo motors.
4.0.2.1 Setup and Training
After providing informed consent, participants sat on a stool facing a table
where the experiment would take place. The first portion of the survey regarding
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participant demographics was administered. One EMG electrode was placed over
the participant’s right wrist flexor muscle group and another electrode was placed
over the right wrist extensor muscle group. The optimal electrode location was
determined by palpating the participant’s forearm while they flexed and extended
their wrist. A ground electrode was then placed over the participant’s right elbow.
A compression sleeve covered the participant’s right arm to keep the electrodes
from shifting. Medical tape was gently wrapped around participant’s bicep and the
wires to prevent tugging.
Participants were then asked to hold their arm in the air for the first of two
calibrations. After a two second baseline reading, participants were asked to flex
and relax their wrist in one second intervals for eight seconds while the system
calibrated the minimum, maximum, and offset values for the flexor EMG signal
Sflex off . This was then repeated for wrist extension to calibrate the extensor EMG
signal Sext off . Participants were instructed on the best practices for producing clear
EMG signals.
Participants then completed an EMG evaluation exercise. In the task, partic-
ipants were instructed to watch a monitor that was placed in front of them and
displayed a simulink virtual environment containing two circles. One white circle
approximately one inch diameter centered over a second red circle of the same
size approximately three inches below. Participants were informed that extending
their wrist would move the red ball to the right and flexing their wrist would move
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the red ball to the left. They were asked to keep the red ball in line with the white
ball as best as they could for two 30-second practice sessions. Participants were
also informed that the white ball would move to the right first to eliminate large
differences between participants. After a five second count down, the white ball
moved in a sinusoidal pattern for 30 seconds for each of the two trajectories.














where P is the position of the white ball relative to the time t. Equation 4.3 was
intended to be easier than equation 4.4 as equation 4.3 was presented first. Sinu-
soidal frequency and complexity were adjusted to be reasonable and adequate for
the difficulty level. A higher frequency and more complex signal was intended to
be more difficult. Times were displayed on the monitor for participants to see. The
task display can be seen in Fig. 4.1.
Participants were then fitted into the prosthetic device with skin stretch bands
properly tightened and vibration motors were placed over the anterior and pos-
terior sides of the participants’ right bicep. After a second EMG calibration with
their arm in the prosthetic socket, participants were informed of the control method
they would be using (controller BETA is described in Section 3.0.1 of Chapter 3).
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Figure 4.1: EMG training task screen before task begins
Additional manual adjustment was used to fine tune parameters until participants
were able to repeatedly flex and extend the prosthesis with low, medium, and high
tension and participants felt comfortable with the device’s response to their EMG
commands. Once appropriate control was achieved, participants were provided
instructions on performance of the Box and Blocks test. Then, as practice, partici-
pants were instructed, without time constraint, to move five blocks over the barrier
and release them into the second compartment. If needed, further adjustment of
parameters was performed here.
In order to provide participants with practice under each condition, participants
performed a 30-second trial of the Box and Blocks test under each condition in the
following order: no feedback, vibration feedback, and skin stretch feedback.
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4.0.2.2 Protocol
After setup and training was complete, participants performed four of the Box
and Blocks test under each condition in the order that had been randomly assigned
to them. In each trial, participants were given 60 seconds to move as many blocks
as possible from the right compartment of the task to the left (from the participants’
perspective). Participants were given a 45 second rest between each trial and
were allowed more rest time upon request. After completing four trials with the
first condition, participants were given time to rest while they completed a short
survey regarding their perception of the controller and their ability to move blocks.
Then the haptic feedback condition was switched to the next assigned feedback
modality. Participants then performed four trials of the task under the new condition
using the same rest intervals. After completing the second set, participants were
given time to rest while they filled out the second portion of the survey regarding
their perception of the condition and their ability to move blocks under the second
condition. Next, the haptic feedback condition was switched to the last assigned
feedback modality. Participants then performed four trials of the task under the
new condition using the same rest intervals. After completing the last set of trials,
participants were given the last portion of the survey regarding their perception
of the condition and their ability to move blocks under the last condition as well
as a two questions regarding their overall perception of their performance and of
the ease of use of the conditions. Finally, participants were given time to add any
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additional comments about their experience.
Consent/Setup
Demographic Survey
EMG Practice Task Practice Box and Blocks Test
Condition Survey/2 min Break Final Survey
60-Second Trial 45-Second Break
1 2 3
1 2 3 4
Conditions 1-3
Figure 4.2: Experiment 2 protocol layout in block format
4.0.3 Metrics and Statistical Analysis
Two quantitative metrics were used in this study to evaluate the effect of haptic
feedback, block transfer rate and block transfer efficiency. The block transfer rate
is calculated as the number of blocks moved in the 60-second trial. The block
transfer efficiency is calculated as the number of blocks moved per total sum of
terminal device flexions and extensions in the 60-second trial just as in Section
3.0.3 Chapter 3.
Statistical analysis was carried out in R 3.6.1. Data sets were tested for normal-
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ity using the Lilliefors test. As data sets were normal, a linear mixed-effects model
was used to model the block transfer rates and the block transfer efficiency with
fixed effects for condition and trial number as well as random effects for subject.
Bonferrioni corrections were used on p-values as there were multiple comparisons
for the data set. A p-value of 0.05 was used as the threshold for significance.
4.0.4 Results
During experimentation, the experimental apparatus malfunctioned on four tri-
als. When this occurred, the device and task were reset and the trial was rerun.
These malfunctions only happened with participants two and three and did not
affect their results.
4.0.4.1 Block Transfer Rate
Overall, the linear mixed-effects model of the block transfer rate test data had a
significant effect of intercept (p = 0.0325). The model showed that there were sig-
nificant learning effects across the no haptic feedback trials (estimate = 0.7483, p
= 0.00639 ). However the mixed-effects model showed no significant difference in
block transfer rate between the no feedback condition and either of the haptic feed-
back conditions ( p>0.1 for all comparisons). Results of participant performance
are shown in Fig. 4.3.
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Figure 4.3: Block transfer rate data with lines between subject means for each
condition
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4.0.4.2 Block Transfer Efficiency
Overall, the linear mixed-effects model of the block transfer efficiency data had a
significant effect of intercept ( p = 0.02556). The model showed significant learning
effects across trials for the no feedback condition (estimate = 0.0049185). Addi-
tionally, the mixed-effects model showed no significant difference in block transfer
efficiency between the no feedback condition and either of the haptic feedback
conditions. Results of participant efficiency are shown in Fig. 4.4.

































In this study, we presented the development of an anthropomorphically-driven
prosthesis that features a tension-based haptic feedback system and the results
of two small user studies designed to evaluate prosthesis function and usability.
The first study investigated two competing control strategies for the prosthesis.
The second study evaluated the effect of haptic feedback on participants’ task
performance with the prosthesis.
In the first experiment it was shown that controller BETA allowed for better task
performance than controller ALPHA both in terms of the block transfer rate and
the block transfer efficiency, and was participants’ preferred control strategy. The
superiority of controller BETA is likely due to its intuitive nature, where muscle
signals correspond more directly with motor control. Despite the fact that controller
ALPHA allowed participants to relax their EMG signals, participants reported less
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fatigue with controller BETA than with controller ALPHA. Thus, controller BETA
seems to stand out as a more effective way to control this device.
Based on the results from the first experiment, controller BETA was chosen as
the controller used in the second experiment under all feedback conditions. Re-
sults from the second experiment, while incomplete, still provide a number of valu-
able insights. First, all participants showed learning effects across their no haptic
feedback condition trials. It is possible that training periods were not sufficient to
reduce these effects or that instruction on how to use the prosthesis to perform the
task should be provided. Alternatively, it is possible that since these effects were
only present in the no feedback condition that providing haptic feedback allowed
for reduced learning effects.
5.0.1 Task Performance
It is also worth considering how task performance with this prosthesis com-
pares to task performance with other prostheses and prosthesis control schemes.
Table 5.1 highlights the average Box and Blocks test scores from participants us-
ing their dominant right hand as well as various clinical prostheses. The table also
includes data from some able bodied subjects as well as some amputees. Note,
some scores have been adjusted to reflect the 1 minute trials used in these stud-
ies. These averages are results from the first experiment described in Chapter 3.
Results for the device with haptic feedback are not presented as the data set is
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incomplete and the presentation would be premature.
Table 5.1: Table of Reported Box and Blocks scores Reported Box and Blocks
scores for various types of prostheses c⃝ 2020 IEEE.
Conditions Blocks per Minute Source
Female dominant right hand 86± 7.4 [40]
Custom body-powered prosthesis 15− 20 [41]
Standard myoelectric prosthesis ≈ 3± 2.5∗∗ [42]
TMR∗ prosthesis ≈ 8± 4.5∗∗ [42]
Hosmer hook prosthesis 22.7 [43]
Michelangelo prosthesis 29.3± 3.20 [44]
ALPHA (this manuscript) 6± 3.49 N/A
BETA (this manuscript) 11± 2.37 N/A
∗Targeted muscle reinnervation ∗∗ Approximated from graphic
While the training periods and number of trials vary for the Box and Blocks test
scores reported in Table 5.1, these scores provide insight into the current level
of manual dexterity in prostheses. Our anthropomorphically-driven prosthesis re-
sulted in higher mean scores than some records for standard myoelectric prosthe-
ses with both controllers (ALPHA and BETA). Additionally, under controller BETA,
participants with this anthropomorphically-driven prosthesis also scored higher on
average than some targeted muscle reinnervation prosthesis users. At the same
time, the Michelangelo prosthesis seems to greatly outperform any other prosthe-
sis, likely due, at least in part, to the six months of training provided to the partici-
pants. Body-powered prostheses also tend to outperform myoelectric prostheses.
This is likely due to the high fidelity control they provide in addition to the inherent
haptic feedback provided to the amputee. It is possible that the scores for our an-
thropomorphic prosthesis might improve with extended training periods and with
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the haptic feedback engaged.
5.0.2 Limitations
While these results show promise for anthropomorphically-driven prostheses,
the current device has limitations that should be addressed. First, despite its wear-
ability, the device is highly cumbersome. The weight of the motors and the need
for precise EMG signals can be mentally and physically exhausting. Participants
reported high fatigue scores very early in experiment 1 and many participants left
comments about how they felt the device was heavy. This likely affected their per-
formance throughout the trials from both a physical and cognitive perspective.
Second, participants had different arm sizes and the custom socket did not fit
all participants snugly, even with the compression sleeve used to adjust the fit.
This caused the device to slightly shift on their arms as they performed the task.
This can likely also affect the way participants were sensing the skin stretch haptic
feedback.
Third, some participants had a difficult time sensing the skin stretch while ac-
tively moving the arm. With the amount of sensory overload occurring over the
surface of their forearm, it is possible the feedback is lost in the sensation of wear-
ing the socket. Perhaps this provides some insight into the utility of building haptic
feedback into prosthesis sockets. A future study comparing the differences in per-
ception between the skin stretch feedback being displayed inside the socket or
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outside the socket could clarify the effects of this confound in the study.
Finally, only able-bodied participants were tested in this experiment. The device
is currently designed to work with able-bodied participants but could be modified
to attach to an amputee’s socket in future experiment utilizing the Hosmer quick
disconnect at the wrist. Additionally, the actuation motors could be temporarily
fastened to a different socket.
5.0.3 Future Directions
Based on these results and limitations, the next iteration of this study should
include the following adjustments. First, the vibration motors should be fixed to re-
duce the interference with the EMG control. Second, the opposable thumb should
be remodeled to allow for better grip patterns and to prevent the middle finger from
catching on the thumb. Based on the results and experience from the second ex-
periment, it may also be beneficial to redesign the built-in haptic feedback system
to reduce haptic stimulation from the socket and increase the force produced by
the built-in feedback.
Third, it may be beneficial to have extended training periods. While providing
more training may cause user fatigue to rise, the reduction of training effects in the
experiment will likely improve user performance, reduce within subject variance,
and aid in clarifying the effects of the haptic feedback on task performance. How-
ever, it may also be beneficial to run the study again with short training periods in
41
CHAPTER 5. DISCUSSION
order to allow for differences in training effects to be highlighted. This may provide
insight into potential effects of providing feedback on reducing training effects.
Finally, subsequent studies investigating the anthropomorphically-driven pros-
thesis could use different tasks, such as an activity of daily living task, to asses the
device and the role of haptic feedback in its function. This would allow for a more
realistic scenario in which to test the device. In addition, this could be an ideal way
of including amputees in the participant pool.
Overall, these experiments have established a framework for future exploration
of haptics in anthropomorphically-driven prostheses. While the findings presented
here are preliminary, they provide pertinent insight needed to conduct future stud-
ies on this topic. Furthermore, information regarding the utility of haptics may
provide insight for future studies with brain machine interfaces (BMI) that include
prostheses. By knowing the precise utility of various forms of haptics in using pros-
theses, future BMI studies will be able to discern if it is necessary to use haptic
feedback channels to provide information such as tension for anthropomorphically-
driven prostheses. In addition, the design of this wearable anthropomorphically-
driven prosthesis is unique and offers useful simplifications to improve wear-ability.
This project opens the next step for anthropomorphically-driven prostheses to move
from purely experimental devices to becoming available to amputees. Prosthetic
devices are advancing at a rapid pace in control, design, and haptic feedback.
Each new design, while not yet ideal in form or function, provides hope that future
42
CHAPTER 5. DISCUSSION




A.0.1 Running the Device
The Following describes how to turn the system on and how to run the Anthropomorphically-
driven prosthesis.
Turn on Dell computer at prosthesis work station under the double layered desk
that is just to the right when you enter Kriger 60.
Turn on the power-strip that is built into the double layered desk on the inside
of the right arm supporting the second layer of the desk. the switch will glow red
when the power strip is on.
Turn on the black power-strip on the prosthesis desk in the front right corner of
the room from when you enter K60. A red Light will turn on with the power strip.
Turn on the liner current amplifier (Quanser AMPAQ-L4) (a black box with the
44
APPENDIX A. DEVICE MAINTENANCE
switch on the back of the device) on the prosthesis desk in the front right corner
of the room from when you enter K60. The amplifier should start to hum and and
lights should turn in the front. Check that the lights are green for the 1st and 2nd
channels.
To Run the built in haptics: turn on the Demo Box Described in Appendix B
A.0.2 Device Troubleshooting
Throughout the design and use of the anthropomorphically-driven prosthesis, a
number of potential failure modes have been exposed. First and foremost, the 3D
printed hand’s guide loops are in a high wear environment and should be monitored
to prevent unexpected breakage. If a section seems worn, a replacement piece
should be printed and installed. In addition, both the finger tendon cables and
actuator cables are in high strain environments. While failure is more sudden with
these cables, the devices should be stopped if any cable breaks and a replacement
should be installed.
Actuation cables are bound to the actuator DC motors by press fit shaft couplers
and friction cloth. If the motor spins freely but the actuation cable has not broken
then the coupling has likely failed. Replace the actuation cable and the friction
cloth as they have likely become worn.
In the case that either DC actuator motor or servo motor should malfunction,
check RCA cables for circuit breaks and that the motor amplifier’s fuse is intact. If
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RCA cables are working, the fuse is intact and the motors will not run, a replace-
ment component should be installed.
A.0.3 Components List
Table A.1: Table of Components in the Wearable Anthropomorphically-Driven
Prosthesis
Component Details Source
DC Motor RE 30 Ø30 mm, Graphite Brushes, 60 Watt Maxon
Actuator Tendon Cable 50lb Fishing Line Amazon
Finger Tendon Cables 33 Pound 0.6mm Fishing steel Wire Nylon Coated Amazon
Cable Crimps Double Barrel Crimp Sleeves .6mm x 7mm Amazon
Stainless Steel Ball Bearing Flanged, Shielded, NO. 695-2Z, for 5 mm Shaft Diameter McMamster-carr
Motor Shaft Collar for 6 mm Diameter, 2024 Aluminum 9mm width McMamster-carr
Restorative Spring N/A N/A
Servo Motors MG90D High Torque Metal Gear Adafruit
Haptic Bands N/A Amazon
Vibration Tactors C-2 Tactor with 200-300 Hz Range Engineering acoustics
Vibration Tactor Amplifier Stereo 20W Class D Audio Amplifier - MAX9744 Adafruit
RCA Cables N/A Amazon





In order to demonstrate the built-in haptic feedback system of the anthropomorphically-
driven prosthesis during demonstrations, the control system can be simplified from
myoelectric control to manual control using two rotary dials that separately control
the anterior and posterior actuation of the prosthesis. The control box, shown in
Fig. B.1, is used to increase the tension in the anterior and posterior cables of the
prosthesis. They will also be allowed to turn the haptic feedback on and off so that
they can better understand the utility of the haptic feedback system. In this way,
the system can demonstrate the repercussions of sensory deprivation that comes
with many types of neuroprostheses.
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Anterior Posterior
Figure B.1: Control Module Control module for prosthesis and haptic feedback
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